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Abstract—The reaction of new 2,6-bis(pyrazol-3-yl)pyridine ligand (L) containing a redox-active ferrocenyl
substituent with cobalt(II) salt gave the cobalt(Il) complex [Co(L),](ClO,), (I), which was isolated in a pure
state and characterized by elemental analysis, NMR spectroscopy, cyclic voltammetry, and X-ray diffraction.
According to X-ray diffraction data (CIF file CCDC no. 2049714) and the Evans method, which allows
determining the spin state of paramagnetic compounds in solution on the basis of NMR spectra, the
cobalt(II) ion in complex I occurs in the high-spin state and does not undergo temperature-induced spin

transition in the temperature range of 120—370 K.
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INTRODUCTION

Some transition metal complexes can switch
between two spin states under an appropriate external
stimulus [1, 2], e.g., under the action of temperature
or pressure, irradiation with light, or application of a
magnetic field. A spin transition of this type is accom-
panied by significant changes in the magnetic and
optical properties, which determine the prospects for
practical application of these complexes in displays
[3], electroluminescent devices [4], molecular
switches [5], chemical sensors [6, 7], etc.

Among the wide diversity of compounds able to
undergo a spin transition (most often, under the
action of temperature), this ability is most often found
in iron(II) and cobalt(Il) complexes in the
(pseudo)octahedral environment of nitrogen-con-
taining ligands [2]. However, all applications indicated
above require control over the spin state of the metal
ion, which is attained by some chemical modification
of the ligands [8]. 2,6-Bis(pyrazol-1-yl)pyridines [9]
and isomeric 2,6-bis(pyrazol-3-yl)pyridines [10] are
among the most popular classes of organic ligands to
be used for this purpose due to extensive opportunities
of their chemical functionalization, which allow for
real [8] molecular design of 2,6-bis(pyrazol-1-yl)pyr-
idine [11] and 2,6-bis(pyrazol-3-yl)pyridine [12] com-
plexes with specified parameters of temperature-

induced spin transition by choosing substituents with
desired electronic properties.

One more method for control of the spin state of
transition metal complexes is decoration of the ligand
with pH-sensitive groups that change electromeric
characteristics upon protonation/deprotonation and
thus affect the spin state of the metal ion [13]. The
same goal can be attained by using redox-active sub-
stituents such as ferrocene [ 14], which is itself diamag-
netic. However, redox reactions of ferrocene can
reversibly switch the electronic structure of the ligand,
which is used in catalysis [15]. The introduction of
redox-active ferrocenyl substituent to the bis(pyra-
zolyl)pyridine ligand can considerably expand the
possibilities of controlling the metal ion spin state by
modification of bis(pyrazolyl)pyridine and can give
the first complex capable of redox switching and tem-
perature-induced spin transition.

Here we synthesized a new 2,6-bis(pyrazol-3-
yl)pyridine (L) containing a ferrocenyl group in posi-
tion 5 of the pyrazol-3-yl ring (Scheme 1). Mixing of
this ligand with cobalt(II) perchlorate as a source of
transition metal ion gave the complex [Co(L),](Cl10,),
(I) in a high yield.
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The spin state of the cobalt(II) ion in complex I was
established using single crystal X-ray diffraction study
at 120 K. The possibility of temperature-induced spin
transition in solution in the 230—370 K range was
studied using the Evans method traditionally used for
this purpose, which is based on readily available NMR
spectroscopy.

EXPERIMENTAL

All operations related to the synthesis of the
bis(pyrazol-3-yl)pyridine ligand and the complex
were performed in air using commercially available
organic solvents distilled under argon. Co(ClOy),
6H,0 (Sigma-Aldrich) was used as received. Esterifi-
cation of pyridine-2,6-dicarboxylic acid (Acros) with
ethanol was carried out by a reported procedure [16] in
the presence of sulfuric acid. Analysis for carbon,
nitrogen, and hydrogen was performed on a Carlo
Erba model 1106 analyzer.

Synthesis of 2,6-bis(5-ferrocenyl-1H-pyrazol-3-
yDpyridine (L). A solution of diethyl pyridine-2,6-
dicarboxylate (2.80 g, 12.5 mmol) in dry THF was
mixed with NaH (1.22 g, 30.5 mmol, 50% mineral oil
suspension). A solution of acetylferrocene (6.27 g,
27.5 mmol) in THF (50 mL) was added dropwise to
the resulting suspension. The reaction mixture was
refluxed for 4 h and concentrated, and the solid resi-
due was washed with hot hexane (2 X 30 mL), dried in
a vacuum and dispersed in water; pH of the resulting
suspension was brought to 5 by adding 1 M HCI. The
violet precipitate was collected on a filter, dried in vac-
uum, and dispersed in ethanol with the addition of
hydrazine hydrate (1.5 mL, 40 mmol). The reaction
mixture was refluxed for 4 h. The precipitate that
formed was collected on a filter, washed with ethanol,
and dried in a vacuum. The yield was 2.5 g (35%).
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'H NMR (DMSO-d; 400 MHz; 8, ppm): 4.09 (s,
SH, Fc), 4.35 (s, 2H, Fc), 4.80 (s, 2H, Fc), 7.14 (s, 2H,
Pz), 7.88 (s, 3H, Py), 13.02 (s, 2H, NH).

For C31 H25N5F62
Anal. calcd., %
Found, %

C, 64.28
C, 64.31

H,4.35
H, 4.40

N, 12.09
N, 12.17

Synthesis of [Co(L),](ClO,), (I). Iron perchlorate
hexahydrate (0.0365 g, 0.1 mmol) and 2,6-bis(5-ferro-
cenyl-1H-pyrazol-3-yl)pyridine (0.116 g, 0.2 mmol)
were stirred in acetonitrile for 3 h. For purification, the
resulting solution was concentrated, and diethyl ether
was added dropwise until a precipitate formed. The
mixture was kept for 12 h at —10°C. The precipitate
was collected on a filter and dried in a vacuum. The
yield was 126 mg (91%). 'H NMR (DMF-d;;
300 MHz; o, ppm): 8.12 (br.s, 20H, Fc), 8.16 (br.s,
8H, Fc), 10.49 (br.s, 8H, Fc), 33.41 (brs, 2H, p-
Py—H), 53.90 (br.s, 4H, pyraz—CH), 83.72 (br.s, 4H,
NH).

For C62H50N ]008C12F34C0
Anal. caled., % C, 52.58
Found, % C, 52.61

H, 3.56
H, 3.65

N, 9.89
N, 9.84

The single crystals of complex I suitable for X-ray
diffraction were prepared by diffusion of diethyl ether
vapor into its solution in methanol.

X-ray diffraction study of I was carried out on a
Bruker APEX2 CCD diffractometer (MoK, radiation,
graphite monochromator, w-scan mode). The struc-
ture was solved using the ShelXT program [17] and
refined by full-matrix least-squares calculations using
the Olex2 program [18] in the anisotropic approxima-

tion on E,zk, . The hydrogen atom positions were calcu-
lated geometrically and refined in the isotropic
approximation using the riding model. The disordered
solvent molecules (methanol and diethyl ether) were
described as a diffusive contribution to the total scat-
tering using the Solvent Mask option of the Olex2 pro-
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Table 1. Main crystallographic data and structure refinement parameters for complex I

Parameter Value
M 1416.35
T, K 120
System Triclinic
Space group P1
Z 2
a, A 11.258(4)
b, A 11.619(4)
¢, A 27.555(10)
a, deg 86.435(7)
B, deg 86.869(7)
v, deg 67.317(7)
v, A3 3317(2)
p(calcd.), g cm™? 1.418
u, cm™! 12.37
F(000) 1442
20,.x deg 54
Number of measured reflections 34531
Number of unique reflections 14480
Number of reflections with 7> 36(/) 4496
Number of refined parameters 784
R, 0.0845
WR, 0.2425
GOOF 0.862
Residual electron density (max/min), e A3 0.886/—0.790

gram [18]. Selected crystallographic data and refine-
ment parameters are given in Table 1.

The structural data for complex I were deposited
with the Cambridge Crystallographic Data Centre
(CCDC no. 2049714; http://www.ccdc.cam.ac.uk/).

'"H NMR spectra were recorded in DMSO-d® and
DMF-d’ on Bruker Avance 300 and 400 spectrome-
ters operating at 300.15 and 400 MHz for protons,
respectively. The chemical shifts (8, ppm) were
referred to the residual solvent signal (‘H at 2.5 ppm
for DMSO-d® and 'H at 8.03 ppm for DMF-d’) or to
the signal of 1% Me,Si admixture ('"H at 0.0 ppm).
The following parameters were used: spectral range of
120 ppm, recording time of 0.1 s, relaxation delay of
0.1 s, pulse duration of 9.5 s, and number of acquisi-
tions of 64. For increasing the signal-to-noise ratio,
the obtained free induction decays were processed
using exponential weighting with a coefficient of
up to 3.

The temperature dependence of the magnetic sus-
ceptibility of complex I was determined by the Evans
method [19] in DMF-d’ in the 230—370 K tempera-
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ture range using an NMR tube with a coaxial insert.
The inner (control) tube was filled with DMF-d’
with addition of ~1% Me,Si, while the outer tube con-
tained a solution of the paramagnetic complex (~1—
5 mg/cm?) in DMF-d’ with the same Me,Si concen-
tration. The molar magnetic susceptibility was calcu-
lated from the difference between the Me,Si chemical
shift in pure DMF-d’ and in a DMF-d’ solution of the
complex (Ad, Hz) by the following equation:

_ AOM dia
- - XM )
VoS rc

M

M is the molar mass of the complex, g/mol; v, is the
spectrometer frequency, Hz; S is the magnetic form
factor (4m/3); c is the concentration of the complex,
g/cm’; Xija is the molar diamagnetic contribution to
paramagnetic susceptibility calculated using Pascal’s
constants [20]. The concentration ¢ was calculated for
each temperature according to the change in the sol-
vent density (p): ¢r = M ompP/Msorm, Where m g, p is the
weight of the complex, and m, is the solution weight.
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Fig. 1. Cyclic voltammogram of a 1 mM solution of com-
plex I in acetonitrile, C(TBAPFg) = 0.1 M, potential
sweep rate: 100 mV/s, glassy carbon electrode (3 mm).

Complex I was also studied by cyclic voltammetry
(CV). Cyclic voltammograms were measured on an
Autolab PGSTAT 128N potentiostat galvanostat oper-
ated by NOVA 2.0 software in a standard three-elec-
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trode cell. A 3 mm glassy carbon working electrode, a
platinum wire counter electrode, and an Ag/AgCl ref-
erence electrode in a saturated KCl solution were used.
The required conductivity of the solution was attained
by adding TBAPF to the test solution up toa 0.1 M
concentration. All CV curves were measured at a
potential sweep rate of 100 mV/s. Before each experi-
ment, the test solution was purged with argon for
5 min to remove the dissolved air, and the working
electrode was thoroughly polished. All measurements
were carried out at room temperature.

RESULTS AND DISCUSSION

For the synthesis of L (Scheme 2), the starting
diethyl 2,6-pyridinedicarboxylate was introduced into
the Claisen condensation with acetylferrocene under
the action of sodium hydride in THF. The product
thus formed was used, without purification, for the
subsequent condensation with hydrazine hydrate in
ethyl alcohol, which afforded the target ligand L in a
moderate yield. This compound was poorly soluble
even in solvents such as DMSO or DMF; therefore, it
precipitated from the solution during the reaction and
did not require further purification.

@(o AN
| h NaH, /A5 /) | [T
e} _ 0 2 N/
N THF Fe Fe
OEt OEt o O o O
N,HsH,0 | EtOH
| X
YN N
Fe pgN-N N-NH Fe
L
Scheme 2.
The subsequent reaction of ligand L with cobalt tances between oxidation—reduction half-waves

perchlorate hydrate as a source of cobalt(II) in aceto-
nitrile gave the homoleptic complex [Co(L),](ClO,),
(I) in a high yield. The complex was isolated in a pure
state and characterized by elemental analysis, NMR
spectroscopy, and CV. According to CV measure-
ments (Fig. 1), an acetonitrile solution of complex I
containing tetrabutylammonium hexafluorophos-
phate as a supporting electrolyte exhibited two revers-
ible single-electron oxidation waves with E;, =

—1.066 and 0.654 V versus Ag/Ag™ pair. The first pro-

cess corresponds to the Co?*/Co* oxidation of the
cobalt ion, while the second oxidation potential is
close to the potential of the Fc/Fc™ pair. Since the dis-
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(AE, = E,, — E,) were 80 mV, both processes were
classified as Nernst processes. The AE, value for the

reference Fc/Fc* pair was also 80 mV under the same
conditions [21].

To confirm the results on the composition and
structure of complex I obtained in this way, the com-
plex was studied by single crystal X-ray diffraction
(Fig. 2). The crystals were formed as crystal solvates
with disordered solvent molecules upon diffusion of
diethyl ether vapor into a solution of I in methanol (see
Experimental). This allowed determination of the
cobalt(II) spin state, which proved to be high-spin at
120 K, as indicated by the Co—N distances with the
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Fig. 2. General view of complex I. Here and below, the perchlorate anions and hydrogen atoms (except for those belonging to NH
groups) are omitted, and the rest of the atoms are presented as thermal vibration ellipsoids (p = 50%). Numbering is given only

for metal ions and selected heteroatoms.

nitrogen atoms of bis(pyrazol-3-yl)pyridine ligands
(C.N. 6) (Table 2), typical of high-spin cobalt(II)
complexes (2.0—2.2 A [2]). Iron(II) ions of the ferro-
cenyl substituents occur, as expected, in the low-spin
(diamagnetic) state observed for ferrocene and its
derivatives.

The bis(pyrazol-3-yl)pyridine ligands in complex I
form a nearly octahedral coordination environment
around the central metal ion (Fig. 3). For example, the
0 angle between the root-mean-square planes of two
ligands and the N(Py)MN(Py) angle, which are 90°
and 180° for a perfect octahedron, amount to
88.1127(13)° and 178.1428(7)°. The shape of the coor-
dination polyhedron CoNy is characterized by the so-
called “shape measures” [22], which describe its devi-
ation from the perfect octahedron S(OC-6). The
smaller this value, the better the coordination polyhe-
dron shape is described by the corresponding perfect
polyhedron. In complex I, the octahedral “shape
measure” S(OC-6), estimated from X-ray diffraction
data using the Shape 2.1 program [22], proved to be
4.021 (Table 2). For comparison, the “shape measure”

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 47

characterizing the deviation from one more six-vertex
perfect polyhedron, trigonal prism (TPR-6), which is
often encountered in high-spin iron(Il) complexes
with N-heterocycles [23], is markedly higher (11.012)
(Table 2).

The slight deviation of the shape of cobalt(II) coor-
dination polyhedron in complex I from the perfect
octahedron is caused, first of all, by the rigidity of the
bis(pyrazol-3-yl)pyridine ligand [24]. For example,
similar “shape measures” were observed previously for
high-spin cobalt(II) complexes with other bis(pyra-
zol-3-yl)pyridines [25, 26]. Howeyver, a steric effect of
the bulky ferrocenyl substituents in position 5 of the
pyrazol-3-yl ring, which are located perpendicular to
the ring plane, cannot be ruled out either (Table 2).
The indicated substituents are rotated in pairs to face
each other (Fig. 3). This arrangement gives rise to
infinite chains of the [Co(L),]** cations (Fig. 4)
arranged along the crystallographic b axis and formed
via stacking interactions between the ferrocene cyclo-
pentadienyl rings and pyrazol-3-yl moieties connected
to them, with the angle between them being 6.0(5)°—
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Table 2. Selected geometric parameters of complex I
according to X-ray diffraction data at 120 K*

Parameter Value
Co—N(Py), A 2.044(8)/2.057(8)
Co—N(Pz), A 2.131(9)—2.153(8)

0, deg 88.1127(13)
N(Py)CoN(Py), deg 178.1428(7)
Fe—C(Cp), A 2.000(12)—2.074(12)
o, deg 80.689(17)—84.429(14)
Fe...Fe, A 7.276(2)/7.640(2)
S(TP-6) 4.021
S(OC-6) 11.012

* 0 is the dihedral angle between the root-mean square planes of
2,6-bis(pyrazol-3-yl)pyridine ligands; the N(Py) and N(Pz)
atoms correspond to the pyridine and pyrazol-3-yl nitrogens, and
a is the rotation angle of the Cp ring of the ferrocenyl substituents
relative to the pyrazol-3-yl ring plane. S(TP-6) and S(OC-6) are
deviations of the shape of the CoNg polyhedron from the perfect
trigonal prism (TP-6) and perfect octahedron (OC-6), respec-
tively.

7.9(5)° and the distance between their centroids being
3.521(7)—3.828(7) A. They are additionally stabilized
by shortened C—H...N contacts (C...N 3.410(16) A,
CHN 159.3(6)°) between the same cyclopentadienyl
rings and pyrazol-3-yl moieties of the neighboring

Fig. 3. Projection of complex I in the perpendicular direc-
tion illustrating a nearly octahedral shape of the cobalt(1I)
coordination polyhedron. Numbering is given only for
metal ions.
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[Co(L),]** cations perpendicular to them and by the
C—H...O contacts with the perchlorate anions (H...O
2.4361(9)—2.9097(7) A), which “frame” the above-
mentioned infinite chains. Thus, the cobalt(Il) ion
surrounded by the bis(pyrazol-3-yl)pyridine ligands
with bulky electron-donating ferrocenyl substituents
located in positions 5 of the pyrazol-3-yl rings of com-
plex I occurs in a high-spin state in the crystal at
120 K, as unambiguously follows from X-ray diffrac-
tion data at this temperature.

According to the results of the Evans method [19],
based on the use of NMR spectroscopy, cobalt(1l)
remains in the same spin state in a solution of complex
I in DMF. The choice of this solvent allowed us to
record NMR spectra in a wide temperature range
(230—370 K). The Evans method is actively used to
search for new metal complexes with a temperature-
induced spin transition [8] as the most easily accessi-
ble way to measure the magnetic susceptibility of solu-
tions. According to this method, a special coaxial
insert is placed into an NMR tube containing a solu-
tion of the paramagnetic complex and a standard com-
pound such as tetramethylsilane (TMS) in a known
concentration. The insert is filled with a TMS solution
in the same solvent, in which no precipitation would
take place on cooling; this is a limitation of the Evans
method. The difference between the TMS chemical
shifts in the NMR spectra recorded for these two solu-
tions can be used to calculate the magnetic susceptibil-
ity of the solution of the paramagnetic compound and
thus unambiguously determine the spin state of the
metal ion. For the solution of complex I in DMF, yT
value calculated in this way (Fig. 5) virtually does not
deviate from the value of 3.9 cm® mol~! K, which cor-
responds to high-spin (S = 3/2) cobalt(Il) over the
whole temperature range 230—370 K accessible for the
given solvent. The observed stabilization of the high-
spin state in solution in which there are no crystal
packing effects [8] attests to the “intramolecular”
nature of this phenomenon.

Thus, we synthesized and characterized the
cobalt(II) complex with a new 2,6-bis(pyrazol-3-
yl)pyridine ligand containing a redox-active ferrocenyl
substituent in position 5 of the pyrazol-3-yl ring.
According to the results of a low-temperature X-ray
diffraction study of the complex, first of all, the Co—N
bond lengths, the cobalt(II) ion in this complex occurs
in the high-spin state (S = 3/2) even at 120 K. It does
not undergo a temperature-induced spin transition in
DMEF, which is confirmed by NMR spectroscopy data
(Evans method) in the temperature range of 230—
370 K. Presumably, the replacement of the cobalt(II)
ion by an iron(II) ion, which can change the spin state
under the action of temperature when occurs in the
2,6-bis(pyrazol-3-yl)pyridine ligand environment
[12], would result in the synthesis of the first 2,6-
bis(pyrazol-3-yl)pyridine complex combining the
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Fig. 4. Fragment of the crystal packing of complex I illustrating the formation of infinite chains in the crystal due to stacking inter-

actions.

redox-switching properties and temperature-induced
spin transition.
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